The main methods being used in metallurgy to systematically recycle cadmium-bearing secondary raw materials are examined. Hydrometallurgical methods which use sequestering reagents that can be regenerated are the most promising technologies from the standpoint of suitability for industrial use, environmental safety, and the selectivity with which cadmium is extracted. Keywords: cadmium-bearing secondary raw materials, regenerable sequestering reagents.
2) distillation in the atmosphere of a closed furnace with the production of powdered metallic cadmium and an ironnickel alloy [5] ; and 3) chlorination of batteries by gaseous chlorine or hydrochloric acid, with cadmium chloride undergoing sublimation at 960°C. Nickel and cobalt remain stable [6] .
The processes Snam (France), Sab Nife (Sweden), and Inmetco (U.S.) are three of the large-scale pyrometallurgical technologies that have been developed for recycling nickel-cadmium batteries by distilling cadmium in the atmosphere of a closed furnace. The distillation is carried out within the temperature range 850-900°C in the first two processes and the resulting cadmium is more than 99.95% pure. The iron-nickel residue is remelted in electric furnaces. The production of cadmium oxide by these technologies has been repeatedly been suspended due to the extremely hazardous working conditions. The Inmetco Company in the U.S. (an affiliate of INCO) remains the only firm that recycles nickel-cadmium batteries with the use of high-temperature processes. The iron-nickel alloy obtained from these processes is used in the production of stainless steel. The cadmium is converted to gaseous form (together with zinc and lead) and dispatched for separate processing.
The recycling of cadmium-bearing raw materials by pyrometallurgical technologies has its advantages and disadvantages [7] . Among the advantages are the high unit productivity and the relatively low cost of the reagents that are used. The disadvantages are: the low quality of the products that are obtained; the need to clean the process gases and render them harmless; the small yield of valuable components, including rare metals; the need to use a hermetic vessel and a complicated dust-catching system in connection with the high toxicity of cadmium and its compounds.
In most cases, the products obtained from recycling wastes in pyrometallurgical units require additional (often hydrometallurgical) processing, which makes pyrometallurgical methods significantly less cost-effective. Also, it would be inadvisable to return the wastes to the stockhouse because harmful impurities would then accumulate in the main production cycle and valuable components in the raw materials would be lost with the products that are disposed of.
Another shortcoming of pyrometallurgical methods is the large consumption of fuel and energy, since the working temperatures are within the range 800-1000°C. It is difficult to compare the energy costs with the corresponding costs for hydrometallurgical processes because the latter often use electrolysis to reduce the metal.
The hydrometallurgical technologies that can be used for recycling mainly entail converting metals to a solution by basic or acid leaching. The metals can be recovered from the solution by precipitation-based methods (with a change in the pH of the medium), electrolysis, or liquid extraction.
The sulfuric-acid method has become the most widely used technology. In the first stage of this process, nearly all of the components of the scrap are dissolved. Different techniques are then used for separation and recovery of the metals from the solution. For example, metals are separated by the sorption of cadmium on an anion-exchange resin which contains functional groups that include nitrogen.
Ammonia leaching is used in addition to acid leaching. In order to dissolve cadmium, it is necessary to keep the concentration of NH 3 at the level 4 moles/dm 3 . To precipitate cadmium, the concentration of NH 3 is reduced as a result of its volatilization during heating. The shortcomings of the method: significant energy use; losses of NH 3 ; the fact that the spent solution cannot be recycled. The degree of recovery of metals from scrap is greater than 98% when this leaching method is used. Hydrochloric acid leaching of used nickel-cadmium batteries is accompanied by the dissolution of all of the components of the scrap. Thus, the most important issue becomes selective separation of the metals to obtain monosolutions or high-quality solid products.
In recent years, there have been reports on the use of electrochemical methods to extract valuable components from used alkaline storage batteries. It should be pointed out that these methods are still in the laboratory testing stage.
The selective extraction of cadmium from model solutions obtained by leaching used Ni-Cd batteries in inorganic acids has shown that nitric-acid-based media are not suited for recovering cadmium because nitrate ions are reduced at the potential at which cadmium is precipitated. Cathodic reduction is best carried out from media which contain chloride or sulfate ions, since in this case cadmium's precipitation voltage is 200 mV less negative than the corresponding parameter for Ni 2+ . Under optimum conditions, over 90% of the cadmium has been recovered, no co-precipitation of nickel has occurred, and current efficiency has exceeded 80%.
